The aims of this study were to develop an HPLC-MS/MS method for the trace determination of senecionine (SEN) and senecionine N-oxide (SENNOX) in honey samples with simple dilution and to optimize the strategy for large volume injection (LVI). In the method development, the quantity of sugar, injection volume and sample pH were optimized to increase the efficiency and the retention factor of the analytes. Figures of merit of the proposed method include: good linearity (R 2 > 0.99), limits of detection of 57 and 59 ng•kg −1 for SEN and SENNOX, respectively, and recovery in the range of 83.4% -123%. The values for the instrumental precision in relation to the retention time and peak area were 0.65% and 7.1%, respectively, and for the intra-day precision they were greater than 0.95% and 9.7% for SEN and SENNOX, respectively. The LVI-HPLC-MS/MS procedure developed was applied to honey samples prepared by simple dilution with deionized water (1:8 w/w) and the pH was adjusted to 9.5 with NH4OH. The sample volume injected was 100 µL; concentrations in natural and industrialized honey were <LOQ -1071.3 µg•kg −1 for SEN and <LOD -16.9 µg•kg −1 for SENNOX.
Introduction
Pyrrolizidine alkaloids (PAs) are toxic compounds mainly synthesized for plant defense and they are probably the most widely distributed natural toxins that affect plants and animals, including humans [1] [2] . The highest concentrations of toxins are usually present in the seeds and flowers of plants [3] . PAs can be metabolized by the liver to generate toxic reactive intermediates called "reactive pyrroles". These compounds have high affinity with the bases of DNA and also with amino acids and proteins [4] and they present high toxicity and genotoxicity.
In humans, PA poisoning can be fatal and is associated with acute hepatic veno-occlusive disease (DOVH) [5] while a chronic or subacute onset may lead to liver cirrhosis. The EFSA (European Food Safety Authority) panel on contaminants in the food chain (CONTAM panel) [6] has concluded that 1,2-unsaturated PAs can act as carcinogens in humans, and thus their consumption in plant-based foods needs to be avoided.
Since the 1950s, reports have been published on the potential toxicity of PAs [7] [8] . Numerous cases of human poisoning after the consumption of the food contaminated with seeds or herbs containing PAs have been reported around the world [7] [9]- [12] . In November 2011, it was determined that the limit for the consumption of these substances in herbal products should not exceed 1 µg/day, although for products produced by bees (honey, propolis, royal jelly) these limits have yet to be established [13] .
Honey is considered to be a natural healthy product. However, to date little is known regarding the acceptable limits for alkaloids in honey, despite these compounds being considered toxic and present in almost every type of honey found on the market [14] . Consequently, a wide variety of extraction and concentration procedures, as well as methods of analysis, has been developed over the years for the determination of pyrrolizidine alkaloids in food products [13] .
In general, PAs are determined by chromatograph techniques using GC-MS and LC-MS due to their sensitivity and specificity [15] - [20] . However, methods using GC-MS are not very suitable for the determination of pyrrolizidine alkaloids N-oxide due to the thermal instability of these molecules which means that a derivatization procedure is required.
The classic methods for sample clean-up involve dissolving the extract in acidulated water with H 2 SO 4 or HCl, and subsequent washing with organic solvent to remove the less polar material. Common procedures are based on SPE with the use of a commercially available column [21] - [23] . In SPE, the QuEChERS sample preparation method has been used for the analysis of honey samples using GC-MS and HPLC-MS [13] . These two methods were compared and proved to be time-consuming, requiring 10 and 3 h, respectively, for complete analysis.
To increase the sensitivity of the HPLC method, the LVI (Large Volume Injection) procedure can be used with or without modification of the equipment hardware. In LVI-HPLC, different strategies can be used to allow a 10-fold increase in the sample volume injected, and increase the retention of the analyte in the column, using dilution of the mobile phase with water or immiscible solvents [24] or sample pH manipulation. Many LVI-HPLC methods have been applied to determine illicit drugs in water [25] , nitrophenols [26] and fluoro chemical products [27] . In this context, the aim of this study was to develop a fast and efficient methodology using LVI-HPLC-MS/MS with direct injection of the sample for the determination SEN and SENNOX in honey obtained from commercial sources and directly from beekeepers.
Materials and Methods
The LC-MS/MS was conducted on a high performance liquid chromatography (HPLC) instrument (Agilent Technologies 1200-Germany). For the separation, a Synergi reverse phase chromatograph (150 mm, 2 mm ID, 4 µm particle size) was used and the solvent compositions were A (H 2 O + 0.1% formic acid) and B (95:5 MeOH/H 2 O + 0.1% formic acid). The runs were performed using the following gradient program: 8 -0 min 80% solvent A (pre-run; isocratic mode); 0 -1 min 80% solvent A (isocratic mode); 1 -5 min 5% solvent A (gradient mode); and 5 -15 min 5% solvent A (isocratic mode). The flow rate was 0.2 mL/min the injected volume was 100 µL and the column temperature was 30˚C. The LC-MS system consisted of a hybrid triple quadrupole/linear ion trap mass spectrometer (QTrap 3200, Applied Biosystems/MDS Sciex, Concord, Canada) with an additional valve located after the column. The MS was adjusted in negative and positive modes with the infusion of a polypropylene glycol solution. The experiments were performance using a TurboIonSpray TM source (electrospray-ESI) in positive ion mode. The capillary needle was maintained at 5500 V. The MS/MS parameters were: curtain gas 10 psi; temperature 400˚C; gas 1.45 psi; gas 2.45 psi; and CAD gas medium. Other parameters related to the collision energy are given in Figure 1 . To control the LC-MS system and for the data analysis the Table 1 . Other MS/MS parameters were DP 61, EP 4 and CXP 4. Analyst 1.5.1 software program was used.
The alkaloid compounds were monitored and quantified using Multiple Reaction Monitoring (MRM). The optimization of the mass spectrometer was performed by direct infusion of the analytes in aqueous solution. To protect the capillary source against caramelization of the sugar present in the sample, which runs through the column at 0 -3 min, this is discharged through a valve added after the column.
Reagents and Solutions
All reagents used in the experiments were analytical grade. The ammonium hydroxide (NH 4 OH) and formic acid were purchased from Sigma, the methanol (MeOH) was acquired from Tedia Brazil (Rio de Janeiro, Brazil) and the glucose and fructose were supplied by Sigma-Aldrich. For the preparation of the samples and mobile phase deionized water was used (Milli-Q deionizer, Millipore, Bedford, MA, USA). The stock standard solutions of senecionine and senecionine N-oxide alkaloids (1000 mg•L −1 ) were prepared in methanol. The standards used were obtained from Prof. Dr Moacir Pizzolatti's laboratory (UFSC, SC, Brazil).
Calibration Curves and Sample Preparation
Some of the samples of commercial floral honey were acquired in a local market and others were obtained directly from the producers (beekeepers) in different towns of Santa Catarina state in Brazil. The samples were prepared by placing approximately 1.0 g of honey in a flask followed by dilution with water to obtain a final mass of 8.0 g. After complete homogenization the sample pH was adjusted to 9.5 with NH 4 OH and analyzed using the LC-MS/MS system. The optimization of the separation procedure was performed with a stock aqueous solution comprised of 35% glucose and 35% fructose (total sugar 70%), in order to mimic the honey matrix, with the addition of SEN and SENNOX to give a final concentration of 50 µg•kg 
Results and Discussion
To develop a rapid and easy-to-perform method for the determination of SEN and SENNOX in honey the effect of the quantity of sugar present in the sample was evaluated considering the separation efficiency (N = 16(t R /w) 2 ) and the retention factor (k = t r − t 0 /t 0 ). The lowest sample dilution was selected to optimize the LVI, and the maximum sample injection volume in the range of 20 -100 μL was selected with the aim of decrease the LOD and LOQ values. Finally, fast separation with the simple preparation of sample (simple dilution) and pH adjustment of sample were evaluated to improve the sensitivity in relation to the chromatographic signal. 
Percentage of Sugar
The sugar stock solution (70% total sugar) was diluted to give 2%, 4%, 6%, 8%, 10% and 12% of sugar. SEN and SENNOX were added to each diluted solution to give a final concentration of 50 µg•kg −1 for each standard. The volume of solution injected was 10 µL. In Figure 2 the values for the separation efficiency obtained for each injection show that an increase in the percentage of sugar in the mimetic solution increased the efficiency, with the best value being obtained with a final sugar content of 8%. The sugar content also provided the highest retention factor for both analytes. Thus, this percentage of sugar was selected in the subsequent experiments.
Optimization of Large Injection Volume
Using the solution containing 8% of sugar, the next step was to evaluate the injection of volumes in the range of 20 -100 µL. The values for the retention factor were calculated for each injected volume and showed a direct and linear correlation with an increase in both alkaloids (data not shown). Also, the value for t 0 remained practically constant in all experiments. The injection volume selected for the subsequent analysis was therefore 100 µL. A further increase in the volume injected would require the modification of the hardware.
Time Required to Remove Sugars Present in the Samples
In order to determine the time necessary to remove the sugars present in the matrix, and thereby avoid their caramelization in the ESI source, a diluted sample containing approximately 1% of sugars was injected. Figure 3 shows the effect of the use of the discharge valve on the increase in the separation efficiency and retention factor for the SEN standard. It was verified that it was possible to remove the sugar content before the sample reached the ESI source, at 3 min.
Effects of Sample pH
In the study to determine the effect of changing the sample matrix pH, the sugar content (8%) and the injection volume (100 µL) were fixed.
In the chromatogram in Figure 3 , (SEN1) represents the peak for the honey sample without pH adjustment (pH 6.43) and (SEN2) relates to the honey sample with the pH adjusted to 9.5. The pKa values for SEN and SENNOX are around 8, and a higher pH value increases the interaction of analytes with the stationary phase and consequently the retention factor. The retention of the other sample components did not vary significantly, indicating that they are acid compounds. 
Chromatographic Validation
The linearity was tested with 10 concentration levels ranging from 200 to 2000 ng•L −1
. A sample of each concentration was prepared and injected in duplicate. The standard solutions prepared contained 8% of monosaccharides in order to mimic the matrix of honey samples. The linear regression equations were y = 9.7 ± 0.2x + 1432.3 ± 283.2 and y = 6.1 ± 0.1x + 770.4 ± 192.7 and the correlation coefficients were 0.9972 and 0.9966 for SEN and SENNOX, respectively.
The values obtained for the instrumental precision in relation to the retention time and peak area were 0.65 and 7.1% RSD, respectively (n = 5). The RSD values for the repeatability (intra-day precision, n = 3) in relation to the retention time and peak area were greater than 0.95% and 9.7%, respectively. The Limits Of Detection (LOD) of the method for the determination of senecionine and senecionine N-oxide under the optimized conditions were 57 ± 16 ng•kg −1 and 59 ± 18 ng•kg −1 (signal to noise ratio of 3). The Limits Of Quantification (LOQ) were 188 ± 12 ng•kg −1 and 195 ± 14 ng•kg −1 (signal to noise ratio of 10). Senecionine and senecionine N-oxide recovery experiments were carried out and the accuracy of the method was verified by the recovery values of 123.0 and 83.4%, with the addition of 4.8 and 8 µg•kg −1 of each analyte, respectively.
Sample Analysis
SEN was quantified in both of the commercial floral honey samples (A and B; Table 1 ). The samples obtained directly from the beekeepers contained different levels of SEN while the presence of SENNOX was detected in only two samples (E and G). The first product of the biosynthesis of pyrrolizidine alkaloids is the N-oxide form [22] , produced in honey through a reduction reaction mediated by the constituents present in the honey or during the production process. However, Sample F provided the most alarming result with 1071.3 ± 64.8 μg•kg −1 of SEN, indicating that its consumption poses a serious risk to human health, considering that the limit established for this alkaloid is 1 μg/day. The presence and quantity of these alkaloids in honey obtained directly from beekeepers thus needs to be monitored and controlled, since the consumption of even low quantities of contaminated honey could represent a health hazard and conflict with the recognized proprieties of this product as a functional food.
Conclusion
The method using LVI-HPLC-MS/MS showed good accuracy and precision in the determination of senecionine and senecionine N-oxide in honey samples without the need for a laborious sample clean-up procedure, thus in- creasing the throughput of the methodology. The results of the sample analysis demonstrated the importance of monitoring the levels of SEN and SENNOX in honey, since these compounds pose a serious risk to human health.
